We consider a single item, uncapacitated stochastic lot-sizing problem motivated by a Dutch make-to-order company producing steel pipes. Since no finished goods inventory is kept, a delivery date is fixed upon arrival of each order. The objective is to determine the optimal size of production lots so that delivery dates are met as closely as possible with a limited number of set-ups. Orders that are not satisfied on time are backordered and a penalty cost is incurred in those cases. We formulate the problem as a Markov Decision Process and determine the optimal production policy by dynamic programming. Since this approach can only be applied to very small examples, attention is given to the development of three simple lot-sizing rules. The first strategy consists of producing the orders for a fixed number T of periods whenever the demand for the current period reaches a pre-specified limit x. A simple set of tests is proposed leading to cost improvements in situations where the best combination for the decision variables x and T deviates from the optimal policy. The second lot-sizing rule is based on the wellknown Silver-Meal heuristic for the case of deterministic time-varying demand. A fixed cycle production strategy is also derived. Numerical examples taking into account different demand patterns are provided. The analysis of the results suggests that the first heuristic is particularly suitable for the problem under consideration. Finally, the model is incorporated in the operations control level of the hierarchical production planning system of the Dutch company and assists the management in the evaluation of the quality of the aggregate decisions. A consequence of this feedback mechanism is the modification of the aggregate plans.
Introduction
In recent years, an increasing number of companies in the manufacturing industry have oriented their production to the make-to-order (MTO) sector. Mattsson et al. [18] report the results of a study of fifty-nine Swedish companies during seven years where 50% of the companies increased the degree of MTO. The authors observed that 37% of the companies dedicated 100% of the production to the MTO sector, 
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while in 46% the level was between 50% and 95%. Only nine companies remained in the make-to-stock (MTS) sector. In the United Kingdom, a survey conducted by Tobin et al. [26] showed that there were about 2000 small and medium sized MTO companies equally split between component subcontractors and producers of capital equipment. MTO companies manufacture products designed specifically to meet the needs of each individual customer rather than standard products supplied from stock. Hendry and Kingsman [11 ] establish the main differences between MTO and MTS companies. As stressed by these authors, in the MTO environment due to a com-petitive market both the delivery time and the price quoted for a particular job play a vital role in promoting customer satisfaction and generating future business. Failing to meet a promised delivery date may result in lost profit and lost market share. Kingsman et al.
[15] present a methodology to integrate production and marketing considerations for quoting for orders. They acknowledge a common situation where the sales/marketing department quotes delivery dates and prices which maximize the chance of the company winning an order but disregard the ability of the production to respond to the promised delivery dates. Essentially, the approach proposed by Kingsman et al. consists of estimating the probability of winning an order. This probability is up-dated each time the result of a quotation to a customer in a certain category is known.
Once the jobs are accepted, production planning takes place. In Hendry and Kingsman [12], a job release mechanism is described to control the shop floor throughput times so that delivery dates can be met without large deviations.
Production planning models for the MTS area have received considerable attention in the literature. As a consequence, an extensive collection of results is available. We refer to Silver and Peterson [24] and Graves et al. [9] for comprehensive reviews of models and methods developed both for the deterministic and the stochastic demand situations. Unfortunately, the MTO area has received much less attention. Hendry and Kingsman [11] claim that well-known planning approaches for the MTS sector like MRP, MRP II, OPT and JIT do not address the special characteristics and needs of MTO systems and therefore can not be applied in practice. Concerning the applicability of MRP, the delivery date negotiated with the customer for an order determines the placement of the order in the master schedule. MRP logic then plans the necessary production. In the MTO sector, the master schedule is comprised of plans for final assembly and delivery to customers. At least two case studies were found in the literature where the methodology of MRP seemed to have been applied with a claim of success to an MTO company. Hoey et al. [13] report on the design of the key elements of an MRP system applied effectively to the MTO sector. They illustrate their approach within a low-volume company manufacturing corrugator equipment. In a later paper (McAreavey et al. [19] ), these ideas are further developed and a closed loop MRP is proposed considering rough cut capacity planning. The authors refer to substantial reductions in work-in-progress and manufacturing lead times by using their techniques.
